Background: Ewing's sarcoma tumor is an aggressive malignancy of bone and soft tissue in children and young adults. Despite advances in modern therapy, metastasis occurs and results in high mortality. Intracellular molecules Yap, Akt, mTOR, and Erk are signaling pathway members that regulate the proliferation of tumor cells.
Introduction
Ewing sarcoma family tumor (ESFT) is an aggressive sarcoma of bone in children and adults that leads to mortality in substantial number of cases [1] [2] [3] . Modern treatment regimens including surgery, chemotherapy and radiotherapy, have improved the outcome of patients with localized disease. However, tumors show a significant metastatic tendency with up to 25% of patients presenting with metastatic disease. Metastatic tumors are resistant to conventional chemotherapy and radiation resulting in higher mortality compared to localized tumors [1] [2] [3] [4] .
Chromosomal translocations involving the avian erthyroblastosis virus E-twenty-six (ETS) and Ten-eleven translocation (TET) family of proteins are the major oncogenetic events that drive the pathogenesis of ESFT. These genetic events ultimately lead to activation of tyrosine kinases and proliferative pathways that play important roles in tumor proliferation and maintenance. Upregulation of insulin growth factor receptors (IGFR) and subsequent acti-
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International Publisher vation of the mitogen-activated protein and extracellular signal regulated protein kinases (MAPK-ERK), phosphoinositide 3-kinases (PI3k), and mammalian target of rapamycin (mTor)/Akt pathways have all been identified as major proliferative pathways in ESFT [5] [6] [7] .
Targeting some of these proliferative molecules by monoclonal inhibitors has resulted in growth inhibition of ESFT tumor cells in vitro models thus giving hopes for development of new therapeutic avenues. However, treatment of ESFT with IGF1R inhibitors has so far yielded less satisfactory results in clinical trials [8] and attention is being given to inhibition of other pathway members as an alternative treatment strategy. Tumor growth control through inhibition of Akt, mTOR and ERK proteins has been demonstrated at the preclinical level suggesting that these inhibitors may be useful as targeted therapy [9] [10] [11] [12] .
The Hippo pathway is a recently discovered signal transduction pathway whose main components include MST1/2, LATS, Sav1, and YAP. The major function of Hippo signaling pathway is to control cell growth, proliferation, and apoptosis. The yes-associated protein (YAP) is an important transcription co-activator of the Hippo pathway and promotes cell proliferation and epidermal-mesenchymal transition. YAP activation has been linked to tumorigenesis of breast and ovarian cancer [13, 14] .
Because of tumor heterogeneity, ESFT tumor cells are expected to exhibit variable expression of these proteins and an approach is needed to identify tumors with significant expression of these proteins and any possible association with clinicopathologic prognostic indicators. In this article, we studied the immunohistochemical expression of Yap, Akt, mTOR, and Erk in ESFT tumor specimens with the purpose of correlating that expression with patients' outcome, disease stage, and other clinical data.
Materials and Methods

Patients:
This study was carried out in accordance with the research protocol approved by the Institutional Review Boards at the Moffitt Cancer Center and the University of South Florida. Patients' tumor samples were collected from the archives of the Pathology Department over a period of 13 years (1995-2007) . Pertinent clinical data including patient's age, sex, tumor site, tumor size, clinical stage and survival (overall and disease-free survival) was compiled (table 1). Patients were clinically monitored up to 14 years after diagnosis. At the end of the follow-up period, patients were grouped into two categories, as alive or dead. Survival periods were calculated in days from initial diagnosis until death or last known follow-up and were categorized as overall survival (OS) and disease free survival (DFS). 
Tumor Specimens and Tissue Microarray Preparation:
Specimens included in the study were from diagnostic biopsies and resection specimens that were collected before and after initial chemotherapy. The diagnoses were confirmed by ancillary studies in all cases; including immunohistochemistry and molecular methods in certain challenging cases. The most representative sections of the tumor and the corresponding portions (0.6 mm diameter) of the paraffin-embedded blocks were selected for construction of tissue microarray (TMA) blocks according to a previously described method [15] . Patients with adequate clinical data and follow-up and adequate tumor tissue blocks were enrolled. Two samples were obtained from two representative areas of the tumor and placed adjacent to each other in the TMA tumor.
Immunohistochemistry:
Phosphorylated signal pathway proteins, p-AKT (Leica Biosystems, Buffalo Grove, IL), p-mTOR (Cell Signaling, Danvers, MA) and p-ERK (Cell Signaling, Danvers, MA), and non-phosphorylated protein Yap-1 (Santa Cruz, Dallas, Texas), were assessed by immunohistochemistry according to the manufacturer's specifications. After optimization of working conditions, automated immunostaining was performed with a Leica Bond Max instrument (Leica, Richmond, Illinois) utilizing a detection system that gives a brown color staining. After antigen retrieval, deparaffinized tumor microarray and control slides were sequentially incubated with the primary antibody, a secondary antibody, a polymer conjugate and a coloring reagent. Separate positive controls were made from breast and prostate carcinomas, all of which were previously shown to exhibit expression of the studied proteins. Staining of blood vessels and stromal cells in some tumors served as internal controls. Negative controls were stained similarly except for omission of primary antibodies.
Analysis of Results:
Stained slides were analyzed by low (x100) and high magnifications (x400) and compared to negative and positive controls. The extent of immunohistochemical (IHC) expression was scored by two pathologists using the following system: 0 (negative)= no staining; 1+ (low level of expression)= weak staining that is less than that of positive controls and/or staining that is only visible by high magnification; and 2+ (high level of expression)= strong staining that is equal or more than that of positive controls and/or staining that is clearly visible by low magnification. The staining scores of each section of the patient's tumor were averaged into one score.
Kaplan Meier survival curves were also plotted to demonstrate difference in survival between high and low/negative IHC expression groups of all the selected proteins. The effects of clinicopathologic parameters and IHC expression of the studied proteins on overall and disease free survival was also examined by univariate cox proportional hazards model (Chi-squre test).
Results
Patients:
Clinical data were collected from 23 male and 13 females patients (M:F=1.8) that had an age range of 12-72 years. Twenty six (72.2%) patients were older than 20 years and 10 (27.8%) of the patients were of the pediatric age group (≤20 years). Patients had follow-up visits up to 14 years from the primary diagnosis; the shortest follow-up period was 25 days. At the end of the follow-up period, 17(47.2%) patients were dead and 19 (52.8%) were alive. Overall survival (OS) ranged from 25 -5,065 days and DFS from 25 -4,224 days. Kaplan-Meier curve and univariate analysis revealed females survived less than males (HR=2.7, 95% CI: 0.1024-6.987, p=0.0445).
Tumors:
Tumor samples were from primary locations in 30 patients and from metastatic sites in six patients. Of the primary locations, 20 (55.5%) patients had skeletal tumors and 10 (27.8%) tumors were extraskeletal. Tumor sizes ranged from 1.2 -34.5 cm (measured in 22 patients). Clinical stage was determined in 30 cases and was grouped into: localized (12 cases), regional extension (9 cases) and distant metastasis (9 cases).
Immunostaining results:
The staining results are shown in table 2. Positive (low or high expression) staining was identified in 15 (46.8%) of the 32 cases stained for Yap; in 21 (65.6%) of the 32 stained for Akt; in 28 (90.3%) of the 31 cases stained for mTor and in 6 (19.4%) of the 31 cases stained with Erk ( Figure 1) .
For statistical analysis, staining results were grouped into two groups as either negative/low expression (score 0 and 1+) versus high expression (score 2+). In Kaplan Meier survival curve, Akt over-expression was associated with worse overall and disease free survival (p=0.0378 and p=0.0471 respectively, Fig. 2A and 2B ). Univariate cox proportional hazards model confirmed the significant association of Akt expression with worse OS (HR=3.1, 95% CI: 0.994-9.879, p=0.0451) and DFS (HR=3.0, 95% CI: 0.955-9.499, p=0.0459) (table 3). The association of Akt expression with OS and DFS was noted more in adult patients (>20 years) than pediatric patients but the difference was not significant (p>0.05). Pediatric patients did not exhibit any association between tumor Akt expression and these bad prognostic indicators. Kaplan Meier survival curves of the remaining biomarkers did not demonstrate differences in survival between tumors with low versus high expression of the studied proteins. No significant association was noted of the positively staining cases and other clinicopathologic parameters such as tumor size, tumor location and clinical stage. 
Discussion
This study documents and confirms the presence of activated mTOR/Akt and Yap-Hippo pathways in Ewing's sarcoma family tumors. mTOR and Akt are part of one pathway that is activated subsequent to activation of IGFR and intracellular activation of PI3k [16] . Erk is a member of MAPK/RAF pathway which is connected to the PI3k/Akt/mTOR pathway via multiple points of convergence, cross-talk, and feedback [17] . Expression of these biomarkers in a subset of ESFT patients indicate that they may play roles in tumor growth. The results complement and support findings from in vitro molecular studies previously performed on ESFT cells lines.
Overexpression of Akt was noted in the majority of ESFT tumor cases in this study, consistent with constitutive activation of this molecule in different types of cancer. Although similar findings were mentioned in few other studies [18, 19] , this study revealed association of Akt over-expression with a worse overall and disease free survival, particularly in adults patients. Akt is a central signaling molecule and is the main cross-talk point in the pathway proliferation of cancers, receiving as well as sending activation signals from and to other molecules. Expression of Akt in worse prognosis ESFT tumors underscores the importance of Akt in the proliferation signaling cascade and the potential benefit of targeted therapy against Akt.
Activation of the Hippo pathway in ESFT is evidenced through overexpression of Yap protein in 47% of the studied tumor samples. The hippo pathway is connected to Akt and cross-talk exists between the two pathways [20] . Activation of Yap leads to Akt activation. The Yes and Yap proteins are linked to the expression of the polycomb protein BMI, which may play a pivotal role in early ESFT tumorigenesis [21, 22] . Activation of YAP promotes cell proliferation and transformation and has been linked to tumor progression and worse survival in some malignancies [23] .
High expression of mTor is noted in a subset of Ewing's sarcoma patients in our study but did not affect patients' survival, supporting two previous studies [18, 19] . On the other hand, Erk revealed low levels of expression in this study. Erk activation in ESFT occurs subsequent to chromosomal translocation and different cell lines may show different levels of Erk activation [24] . Lack of association with clinical prognostic parameters suggests a universal role in initial tumor growth subsequent to TET/ETS-induced tumorigenesis.
Mutations of more than one pathway may co-exist in ESFT. Cross-signaling exists between mTor, Akt and MAP/Erk pathways and inhibition of one pathway may still result in the maintenance of tumor growth via secondary mutations and activation of other pathways. The existence of such alternative proliferation mechanisms may be a reason for resistance to targeted inhibition, particularly with the use of single agent inhibitors [25] . Dual or combined targeting of pathways biomarkers may lead to better treatment and clinical outcome. Pathway inhibitors may alternatively be combined with traditional chemotherapy regimens to achieve full therapeutic response [26] . Because of the central role of Akt in ESFT tumorigenesis and its effect on resistance to chemotherapy, a combination targeted therapy including Akt inhibitors may be worth pursuing as a treatment strategy for better tumor control.
In conclusion, Yap, Akt, mTOR, and Erk exhibit variable activation in ESFT. Akt expression may be associated with bad overall and disease-free survival. Although this study is limited by small number of patients and small stained tumor volumes, it is valuable for future directions. Further studies on the role of these proliferation markers, particularly Akt, are necessary for better understanding of their role in targeted therapy.
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